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
6LOYHUQDQRZLUH$J1:EDVHGWUDQVSDUHQWHOHFWURGHLVLQKHUHQWO\XQVWDEOHWRPRLVWDQG
FKHPLFDOO\UHDFWLYHHQYLURQPHQW:HUHSRUWDUHPDUNDEOHVWDELOLW\LPSURYHPHQWRIWKH$J
1:QHWZRUNILOPDJDLQVWR[LGL]LQJDQGVXOIXUL]LQJHQYLURQPHQWE\ORFDOHOHFWURGHSRVLWLRQRI
1LDORQJ$J1:V7KHRSWLFDOWUDQVPLWWDQFHDQGHOHFWULFDOUHVLVWDQFHRIWKH1LGHSRVLWHG$J
1:QHWZRUNILOPFDQEHHDVLO\FRQWUROOHGE\DGMXVWLQJWKHPRUSKRORJ\DQGWKLFNQHVVRIWKH
1LVKHOOOD\HU7KHHOHFWULFDOFRQGXFWLYLW\RIWKH$J1:QHWZRUNILOPLVLQFUHDVHGE\WKH1L
FRDWLQJYLDZHOGLQJEHWZHHQ$J1:VDVZHOODVDGGLWLRQDOFRQGXFWLYHDUHDIRUWKHHOHFWURQ
WUDQVSRUWE\HOHFWURGHSRVLWHG1LOD\HU0RUHRYHUWKHFKHPLFDOUHVLVWDQFHRI$J1:VDJDLQVW
R[LGDWLRQDQGVXOIXUL]DWLRQFDQEHGUDPDWLFDOO\HQKDQFHGE\WKH1LVKHOOOD\HU
HOHFWURGHSRVLWHGDORQJWKH$J1:VZKLFKSURYLGHVWKHSK\VLFDOEDUULHUDJDLQVWFKHPLFDO
UHDFWLRQDQGGLIIXVLRQDVZHOODVWKHFDWKRGLFSURWHFWLRQIURPJDOYDQLFFRUURVLRQ
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,QWURGXFWLRQ
7UDQVSDUHQWFRQGXFWLYHHOHFWURGHV7&(VKDYHEHHQLQYHVWLJDWHGIRUQXPHURXV
DSSOLFDWLRQVLQFOXGLQJPRELOHGLVSOD\SKRWRYROWDLFHQHUJ\JHQHUDWLRQDQGOLTXLGFU\VWDO
GLVSOD\DSSOLFDWLRQV>@,QGLXPWLQR[LGH,72LVWKHPRVWZLGHO\XVHGPDWHULDOIRU
WUDQVSDUHQWHOHFWURGHVGXHWRLWVKLJKHOHFWULFDOFRQGXFWLYLW\DQGWUDQVSDUHQF\LQWKHYLVLEOH
UDQJH>@+RZHYHU,72LVQRWVXLWDEOHIRUIOH[LEOHGHYLFHVGXHWRLWVSRRUPHFKDQLFDO
IOH[LELOLW\DQGEULWWOHQHVV7KHPHFKDQLFDOUREXVWQHVVRIEDUH,72ILOPVFRXOGEHLQFUHDVHGE\
WKHIRUPDWLRQRIPXOWLSOH,72SRO\PHUFRPSRVLWHOD\HUV>@1HYHUWKHOHVVPXOWLOD\HUHG,72
ILOPZDVPHFKDQLFDOO\DQGHOHFWULFDOO\EURNHQXQGHUWKHVWUDLQRI╄ ZKLFKLVORZHU
WKDQWKHUHTXLUHPHQWIRUIOH[LEOHGLVSOD\V>@$VDOWHUQDWLYHVWRWKH,72SRO\PHUFRPSRVLWH
VROXWLRQSURFHVVLEOH7&(VVXFKDVFDUERQQDQRWXEHVJUDSKHQHDQGPHWDOPHVKILOPVKDYH
EHHQLQWHQVLYHO\VWXGLHGGXHWRWKHLUVXSHULRUPHFKDQLFDOFKDUDFWHULVWLFVDVFRPSDUHGWRWKH
R[LGHEDVHG7&(V>@
5HFHQWO\VLOYHUQDQRZLUH$J1:QHWZRUNVWUXFWXUHKDVEHHQVWXGLHGDVDSURPLVLQJ
DOWHUQDWLYHWUDQVSDUHQWHOHFWURGHZLWKVHYHUDODGYDQWDJHVVXFKDVKLJKWUDQVSDUHQF\JRRG
HOHFWULFDOFRQGXFWLYLW\DQGPHFKDQLFDOIOH[LELOLW\>@7KHV\QWKHVLVRI$J1:VE\WKHSRO\RO
UHDFWLRQ>@LVYHU\VLPSOHDQGKLJKWKURXJKSXWIRUWKHODUJHVFDOHSURGXFWLRQRI$J1:V>@
7KHWUDQVSDUHQW$J1:QHWZRUNILOPFDQEHREWDLQHGE\VSLQFRDWLQJ>@VSUD\FRDWLQJ>@
DQGEDUFRDWLQJSURFHVVHV>@GXHWRIDFLOHIRUPDWLRQRIVWDEOHOLTXLGSKDVHVXVSHQVLRQRI1:V
'HVSLWHWKHDERYHPHQWLRQHGDGYDQWDJHVRI$J1:VWKH\FDQQRWEHXVHGIRUDORQJWHUP
SHULRGGXHWRWKHLUFKHPLFDOLQVWDELOLW\7KHHOHFWULFDOFRQGXFWLYLW\RI$J1:VFDQEHHDVLO\
GHJUDGHGE\WKHFKHPLFDOLQVWDELOLWLHVVXFKDVR[LGDWLRQDQGVXOIXUL]DWLRQ>@)RUH[DPSOH
WKHH[SRVHG$J1:QHWZRUNILOPXQGHUHOHFWULFDOFXUUHQWIORZFDQEHHDVLO\R[LGL]HGDQG
VXOIXUL]HGE\R[\JHQDQGVXOIXUIURPWKHDLU>@7KH$J0JFDWKRGHRIRUJDQLFOLJKWHPLWWLQJ
GHYLFHV2/('VKRZVWKHQRQHPLVVLYHVSRWVDW$J0JFDWKRGHRUJDQLFLQWHUIDFHRZLQJWR
WKHJDVHYROXWLRQIURPWKHJDOYDQLFFRUURVLRQRIWKH0J$JFRXSOH>@(YHQLIWKH$J1:
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
6XEPLWWHGWR 
 
ILOPLVHPEHGGHGZLWKLQWKHGHYLFHRUSURWHFWHGE\WKHSRO\PHUSDVVLYDWLRQOD\HULWFDQVWLOO
EHDWWDFNHGWKRXJKVPDOOYRLGVRUFUDFNV>@0RUHRYHUWKHSRO\PHUFRDWHG$J1:QHWZRUN
ILOPVKDYHDSRVVLELOLW\WRUHDFWZLWKVXOIXUFRQWDLQLQJJDVHVVLQFHPDQ\SRO\PHUVDUH
SHUPHDEOHWRJDVHRXVPROHFXOHV>@7KHFKHPLFDOVWDELOLW\RIWKHPHWDO1:VKDVEHHQ
UHFHQWO\VWXGLHGIRUWKHLPSURYHPHQWRIWKHLUGXUDELOLW\DVFRQGXFWLYHPHWDOHOHFWURGHV)RU
H[DPSOHWKH$J1:QHWZRUNILOPSURWHFWHGE\JUDSKHQHR[LGH*2VKHHWVVKRZVEHWWHU
FKHPLFDOVWDELOLW\LQWKHDLU>@$OVR$J1:QHWZRUNILOPEXULHGLQWRWKHVXUIDFHRIWKH
SRO\PHUVXEVWUDWHH[KLELWHGEHWWHUVXOIXUL]DWLRQUHVLVWLYLW\WKDQWKHFRQYHQWLRQDO$J1:
QHWZRUNILOPVWKDWDUHHQWLUHO\H[SRVHGWRWKHDPELHQWHQYLURQPHQW>@,WWRRNPLQXWHIRU
WKHEXULHG$J1:QHWZRUNILOPWREHFRPSOHWHO\QRQFRQGXFWLYHZKHUHDVRQO\VHFRQGVZHUH
UHTXLUHGWRFRPSOHWHO\GLVFRQQHFWWKHIXOO\H[SRVHG$J1:QHWZRUNXQGHUVXOIXUL]DWLRQ
FRQGLWLRQZW1D6VROXWLRQ>@7KHFXSURQLFNHO&X1L1:QHWZRUNZDVXWLOL]HGDVDQ
DOWHUQDWLYHPDWHULDOIRUWUDQVSDUHQWHOHFWURGHVDQGVKRZHGJRRGDQWLR[LGDWLRQSURSHUW\GXHWR
WKHDQWLFRUURVLRQFKDUDFWHULVWLFVRI1LDOOR\LQWKHPRLVWFRQGLWLRQ>@+RZHYHUWKH&X1L
NW network provides higher electrical resistivity (ȡ = 1îaîȍ·m) WKDQWKRVH
of both Ag and Cu NW networks (ȡ$J1: îȍ·m >@and ȡ&X1: î
ȍ·m>@
+HUHLQZHLQWURGXFHDQRYHOPHWKRGWRLPSURYHWKHFKHPLFDOUHVLVWDQFHRIWKH$J1:
QHWZRUNILOPEDVHGHOHFWURGHE\IRUPLQJWKH1LSURWHFWLYHVKHOORQWKHVXUIDFHRIWKH$J1:V
ZLWKRXWGHJUDGDWLRQRIWKHLUHOHFWULFDOFRQGXFWLYLW\7KH1LFRDWHG$J1:QHWZRUNILOPLV
SUHSDUHGE\WKHORFDOHOHFWURGHSRVLWLRQDQGLWVVXSHULRUDQWLR[LGDWLRQDQGDQWLVXOIXUL]DWLRQ
FKDUDFWHULVWLFVDUHLQYHVWLJDWHGLQWKLVZRUN)LJXUHDVKRZVWKHPHFKDQLVPVRIWKHDQWL
R[LGDWLRQDQGDQWLVXOIXUL]DWLRQRI1LFRDWHG$J1:QHWZRUNILOPXQGHUR[\JHQVSHFLHV2
DQG2+DQGVXOIXU6FRQWDLQLQJHQYLURQPHQWV$VVKRZQLQWKHLQVHWRI)LJXUHDWKH1L
VKHOOOD\HUGHSRVLWHGRQ$J1:VDFWVDVDQHOHFWURQGRQRUWR$J1:VDVZHOODVDSK\VLFDO
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EDUULHUDJDLQVWWKHUHDFWLRQRUGLIIXVLRQRI2DQG2+VRWKDWWKHR[LGDWLRQRI$J1:VLQ
R[\JHQHQYLURQPHQWLVSUHYHQWHG,QWKHFDVHRIWKHVXOIXUFRQWDLQLQJHQYLURQPHQWWKH1L
VKHOOOD\HURQWKHH[SRVHGDUHDRIWKH$J1:QHWZRUNILOPSURWHFWVWKH$J1:QHWZRUNILOP
IURPVXOIXUL]DWLRQE\VLPLODUPHFKDQLVPV
$J1:VZHUHV\QWKHVL]HGE\WKHSRO\ROPHWKRG>@7KHV\QWKHVLVSURFHVVHVDUHH[SODLQHG
LQWKHH[SHULPHQWDOVHFWLRQZLWKGHWDLOV)LJXUHSDQHOVEIVKRZWKHVFKHPDWLFRIWKH1L
FRDWHG$J1:QHWZRUNILOPRQWKHIOH[LEOHSRO\PHUVXEVWUDWHSRO\GLPHWK\OVLOR[DQH3'06
ILOPLQWKLVVWXG\)LUVWWKH$J1:QHWZRUNILOPLVIRUPHGRQWKHGRQRUVXEVWUDWH
SRO\LPLGH3,ILOPLQWKLVVWXG\E\VSUD\FRDWLQJSURFHVV)LJXUHE7KHQWKH$J1:
QHWZRUNILOPLVSUHVVHGE\D3'06EORFNWRDWWDFK$J1:VILUPO\RQWRWKH3,VXEVWUDWHDQG
WRVWUHQJWKHQWKHERQGLQJEHWZHHQ$J1:VVRWKDWWKHVRDNLQJRIWKHOLTXLG3'06LQWRWKH
JDSEHWZHHQ$J1:VFDQEHSUHYHQWHG7KHQWKHOLTXLG3'06LVSRXUHGRQWKH$J1:
QHWZRUNILOPDQGFXUHGLQDFRQYHFWLRQRYHQDW&IRUKRXUVDQGWKH$J1:QHWZRUN
ILOPSDUWLDOO\HPEHGGHGRQWKH3'06OD\HULVSHHOHGRIIIURPWKH3,ILOP)LJXUHFG
3DUWLDOHPEHGGLQJIRUPHGWKHUREXVW$J1:3'06FRPSRVLWHWKLQILOPRQWKH3'06OD\HU
DQGSUHYHQWHGWKH$J1:VIURPEHLQJGHWDFKHGGXULQJWKHHOHFWURGHSRVLWLRQSURFHVV)LQDOO\
WKH1LOD\HULVHOHFWURGHSRVLWHGRQWKHH[SRVHGVXUIDFHRIWKH$J1:QHWZRUNILOPVHH
)LJXUHSDQHOVHIE\XVLQJDHOHWURGHV\VWHPLQD1LHOHFWURGHSRVLWLRQEDWKIRUYDULRXV
WLPHSHULRGV'HWDLORIHOHFWURGHSRVLWLRQSURFHVVLVH[SODLQHGLQWKHH[SHULPHWDOVHFWLRQ7KH
WKLFNQHVVRIWKH1LOD\HUFDQEHFRQWUROOHGE\WKHHOHFWURGHSRVLWLRQSHULRG)LJXUHI

5HVXOWVDQG'LVFXVVLRQ
)LJXUHDVKRZVWKHVXUIDFHPRUSKRORJLHVRIWKH$J1:QHWZRUNILOPSDUWLDOO\EXULHGRQ
WKHVXUIDFHRI3'06VXEVWUDWH7KHDYHUDJHGLDPHWHUDQGOHQJWKRI$J1:VDUHQP
QPDQGȝPȝPUHVSHFWLYHO\7KHPHDVXUHGJHRPHWULFDOILOOIDFWRU))
RIWKHEXULHG$J1:VRQWKHVXUIDFHRI3'06VXEVWUDWHLV$VWKHILJXUHVKRZV$J
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1:VDUHZHOOFRQQHFWHGZLWKHDFKRWKHUIRUPLQJDSHUFRODWLRQQHWZRUN$IWHUWKH
HOHFWURGHSRVLWLRQRIWKH1LWKLQILOPRQWKHH[SRVHGDUHDVRIWKH$J1:QHWZRUNILOPIRU
YDULRXVSHULRGVGLIIHUHQWPRUSKRORJLHVRIWKH1LQDQRVWUXFWXUHVZHUHREVHUYHGRQWKHVXUIDFH
RIWKH$J1:QHWZRUNILOPDVVKRZQLQ)LJXUHSDQHOVEH7DEOHLOOXVWUDWHVWKHPHDVXUHG
GLDPHWHUVRI1LFRDWHG$J1:VIRUGLIIHUHQWHOHFWURGHSRVLWLRQSHULRGVRIDQG
VHFRQGV+HUHDIWHUVDPSOH$%&DQG'UHIHUWRWKH$J1:VFRDWHGZLWK1LIRU
DQGVHFRQGVRIHOHFWURGHSRVLWLRQUHVSHFWLYHO\7KHHOHFWURGHSRVLWLRQUDWHVRIWKH1LOD\HU
RQWKH$J1:QHWZRUNILOPDUHFDOFXODWHGDVQPVHFQPVHFQPVHFDQG
QPVHFIRUWKHVDPSOHV$%&DQG'UHVSHFWLYHO\7KHLQFUHDVHRIGHSRVLWLRQUDWHLV
SUHVXPDEO\GXHWRWKHLQFUHDVHRIVXUIDFHDUHDDQGHOHFWULFDOFXUUHQWIRUWKHHOHFWURFKHPLFDO
UHDFWLRQ$IWHUDVKRUW1LHOHFWURGHSRVLWLRQSHULRGaVHFLWZDVGLIILFXOWWRYLVXDOO\REVHUYH
WKHIRUPDWLRQRIWKH1LOD\HURQWKHVXUIDFHRIWKH$J1:QHWZRUNILOPVHH)LJXUHE
+RZHYHUZHFRXOGHVWLPDWHWKHGHSRVLWHGWKLFNQHVVRIWKH1LOD\HUQPIURPWKH
HOHFWULFDOFKDUJHa&)LJXUH6E\WKHHOHFWURGHSRVLWLRQSURFHVVDFFRUGLQJWR
Faradays law>@$IWHUVHFRQGVRIHOHFWURGHSRVLWLRQGLVFUHWH1LQDQRGRWOD\HUVFRXOGEH
REVHUYHGRQWKHVXUIDFHRI$J1:V)LJXUHF$IWHUWKHHOHFWURGHSRVLWLRQIRUDQG
VHFRQGVWKHGHSRVLWLRQRIGHQVH1LOD\HUVFRXOGEHREVHUYHGRQWKHVXUIDFHRI$J1:V
)LJXUHSDQHOVGDQGH$FFRUGLQJWRWKHHOHFWULFDOFXUUHQWGHSRVLWLRQWLPHLWFXUYHRIWKH
VDPSOHVDOPRVWHTXDOFXUUHQWVDUHPHDVXUHGIRUGLIIHUHQWVDPSOHVDWWKHVDPH
HOHFWURGHSRVLWLRQWLPHZKLFKYHULILHVWKHUHSHDWDELOLW\RI1LHOHFWURGHSRVLWLRQSURFHVVZLWK
VLPLODUH[SRVHGDUHDRIWKH$J1:QHWZRUNILOP)LJXUH67KHUHIRUHZHFDQDVVXPHWKDW
WKHWKLFNQHVVRIWKHGHSRVLWHG1LOD\HUFDQEHFRQWUROOHGE\WKHHOHFWURGHSRVLWLRQSHULRGV>@
7KHGHSRVLWLRQWKLFNQHVVDQGVKDSHRI1LOD\HUFDQEHDOVRSUHGLFWHGE\QXPHULFDOVLPXODWLRQ
EDVHGRQ)DUDGD\VODZDQG%XWOHU9ROPHUHTXDWLRQ>@6HH6XSSRUWLQJ,QIRUPDWLRQIRU
GHDLOV)LJXUHIVKRZVDJRRGDJUHHPHQWEHWZHHQVLPXODWHGDQGPHDVXUHGGLDPHWHUVRI
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
6XEPLWWHGWR 
 
$J#1LFRUHVKHOO1:VIRUGLIIHUHQWHOHFWURGHSRVLWLRQSHULRGV)LJXUHSDQHOVJLLOOXVWUDWH
WKHHYROXWLRQRIWKH1LOD\HUWKLFNQHVVDQGFXUUHQWGHQVLW\DWGLIIHUHQWHOHFWURGHSRVLWLRQ
SHULRGVW DQGVHFRQGVIRUKDOIHPEHGGHG$J1:7KHWKLFNQHVVRI1LOD\HU
JUDGXDOO\LQFUHDVHVZLWKORQJHUHOHFWURGHSRVLWLRQSHULRGV$OVRWKHWKLFNQHVVRI1LOD\HULV
DOPRVWHTXDOLQDOODQJXODURULHQWDWLRQVGXHWRWKHXQLIRUPGLVWULEXWLRQRIHOHFWURO\WLFSRWHQWLDO
DQGFXUUHQWGHQVLW\HJ9DQGP$PDWVHFRQGVDURXQGWKH$J1:
6LPLODUWHQGHQF\LVIRXQGLQWKHFDVHRIWKH1LHOHFWURGHSRVLWLRQRQWKHSURWUXGHG$J1:LH
DUHDHPEHGGHGLQWKHVXEVWUDWH6HH)LJXUH67KHUHIRUHWKHWKLFNQHVVDQG
GLUHFWLRQDOXQLIRUPLW\RIWKH1LFRDWHGOD\HUFDQEHHDVLO\FRQWUROOHGE\WKHHOHFWURGHSRVLWLRQ
SURFHVV
7KHVKHHWUHVLVWDQFHVRIWKH1LFRDWHG$J1:QHWZRUNILOPVDUHORZHUWKDQWKDWRIWKH
SULVWLQH$J1:QHWZRUNILOP7KHKLJKHOHFWULFDOUHVLVWDQFHRI$J1:QHWZRUNILOPLV
FDXVHGE\KLJKMXQFWLRQUHVLVWDQFHEHWZHHQ$J1:V>@7KHVKHHWUHVLVWDQFHRIWKH1LFRDWHG
$J1:QHWZRUNILOPLVJUDGXDOO\GHFUHDVHGE\WKHLQFUHDVHRIWKH1LHOHFWURGHSRVLWLRQSHULRG
)LJXUHD)RUH[DPSOHWKH1LGHSRVLWHG$J1:QHWZRUNILOPVDIWHUDORQJ
HOHFWURGHSRVLWLRQSHULRGLHVSRVVHVVHVDYHU\ORZVKHHWUHVLVWDQFHȍVT
DVFRPSDUHGZLWKWKDWRIWKHSULVWLQH$J1:QHWZRUNILOPȍ/sq,QFUHDVHRI
WKHFRQGXFWLYLW\FRXOGEHGXHWRWKHDGGLWLRQDOFRQWULEXWLRQRIWKHRXWHU1LVKHOOOD\HUWRWKH
HOHFWULFDOFRQGXFWDQFHDVZHOODVERQGLQJLPSURYHPHQWEHWZHHQ$J1:VYLDZHOGLQJHIIHFW
DWWKH1:MXQFWLRQV$VVKRZQLQ)LJXUHWKH))RI$J1:LVLQFUHDVHGE\HOHFWURGHSRVLWHG
1LOD\HUDQGIRUSULVWLQH$J1:VDPSOH$%&DQG'
UHVSHFWLYHO\ZKLFKUHSUHVHQWVHQODUJHPHQWRIWKHFXUUHQWFDUU\LQJDUHD,WVKRXOGEHQRWHG
WKDWWKH1LVKHOOOD\HUZDVQRWHOHFWURGHSRVLWHGRQWRVRPH$J1:VWKDWZHUHIXOO\HPEHGGHG
LQWRWKHVXEVWUDWHRUHOHFWULFDOO\GLVFRQQHFWHGIURPSHUFRODWLRQQHWZRUN+RZHYHUWKH
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HOHFWURGHSRVLWHG1LOD\HUSURYLGHGZHOGLQJEHWZHHQORRVHO\FRQQHFWHGRUVHSDUDWHG$J1:V
DVVKRZQ)LJXUHSDQHOVGDQGH
7KHWUDQVPLWWDQFHVSHFWUDRIWKHSULVWLQH$J1:QHWZRUNILOPDQG1LFRDWHG$J1:
QHWZRUNILOPZHUHPHDVXUHGWRTXDQWLI\WKHLURSWLFDOFKDUDFWHULVWLFV,QRUGHUWRTXDQWLI\WKHLU
WUDQVPLWWDQFHZLWKRXWWKHVXEVWUDWHHIIHFWZHHOLPLQDWHGWKHEDFNJURXQGVLJQDOVIURPWKH
3'06VXEVWUDWHVWKLFNQHVVaPPE\VXEWUDFWLQJWKHDEVRUEDQFHRIWKH3'06VXEVWUDWH
)LJXUHSDQHOVEDQGFLOOXVWUDWHWKHWUDQVPLWWDQFHVSHFWUDDQGWKHWUDQVPLWWDQFHDW╊ QP
IRUWKHSULVWLQH$J1:QHWZRUNILOPDQG1LFRDWHG$J1:QHWZRUNILOPUHVSHFWLYHO\$W
╊ QPWKHWUDQVPLWWDQFHRIWKHSULVWLQH$J1:QHWZRUNILOPLVEXWLWJUDGXDOO\
GHFUHDVHVWRORZHUWUDQVPLWWDQFHE\ORQJHUSHULRGRI1LHOHFWURGHSRVLWLRQᎃ ╊ QP 
DQGIRUVDPSOHV$%&DQG'7KLVLVGXHWRWKHLQFUHDVHRI))RIWKH
$J1:QHWZRUNILOPE\WKHGHSRVLWLRQRIWKLFNHU1LOD\HUVRQWKHVXUIDFHRI$J1:V
7KHILJXUHRIPHULWV)R0RI7&(VGHILQHGDVWKHUDWLRRIWKHHOHFWULFDOFRQGXFWDQFHDQG
the optical conductance (ıRSWıGFLVFDOFXODWHGE\FRPPRQO\XVHGHTXDWLRQDVIROORZV>@
 
ZKHUH5VLVWKHVKHHWUHVLVWDQFHDQGᎃ LVWKHWUDQVPLVVLRQDWQPUHVSHFWLYHO\7KH)R0
RIWKHSULVWLQH$J1:QHWZRUNILOPLVZKLOHWKRVHRIVDPSOHV$%&DQG'DUH
DQGUHVSHFWLYHO\)LJXUHG7KHGHFUHDVHRI)R0VIRUWKH1LFRDWHG$J
1:QHWZRUNLVPDLQO\GXHWRWKHUHGXFHGWUDQVPLWWDQFH)XUWKHUPRUHWKH)R0RIWKH1L
FRDWHG$J1:QHWZRUNILOPZLWKVKRUWGHSRVLWLRQSHULRGVDQGVHFRQGVPHHWWKH
PLQLPXPUHTXLUHPHQWRIWKHLQGXVWULDOVWDQGDUGIRU,72UHSODFHPHQWDVDWUDQVSDUHQW
FRQGXFWLYHHOHFWURGH)R0!VXJJHVWHGLQWKHSUHYLRXVUHSRUW>@+RZHYHUVDPSOHV&
DQG'VKRZORZHUYDOXHVWKDQWKLVFULWHULRQ7KHPHFKDQLFDOUREXVWQHVVLVDOVRDQLPSRUWDQW
IDFWRUIRUIOH[LEOHDQGZHDUDEOHHOHFWURQLFDSSOLFDWLRQV7RWKLVHQGZHKDYHFRQGXFWHGWKH
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
6XEPLWWHGWR 
 
EHQGLQJWHVWIRUPRUHWKDQEHQGLQJUHOD[DWLRQF\FOHVIURPDIODWȡ 福WREHQGHGȡ 
FPVWDWH$VVKRZQLQ)LJXUHIWKHVKHHWUHVLVWDQFHVRIWKHSULVWLQH$J1:QHWZRUNDQG
VDPSOH&DUHVOLJKWO\LQFUHDVHGIURPȍVTDQGȍVTWRȍVTDQGȍVT
UHVSHFWLYHO\E\F\FOHVRIEHQGLQJEXWVKRZJUDGXDOVDWXUDWLRQ7KLVUHVXOWYHULI\LQJWKDW
WKH1LFRDWHG$J1:QHWZRUNSDUWLDOO\HPEHGGHGRQWKHVXEVWUDWHFDQEHXVHGDV
PHFKDQLFDOO\UREXVWWUDQVSDUHQWFRQGXFWLYHHOHFWURGHVIRUIOH[LEOHHOHFWURQLFDSSOLFDWLRQV
7KHIRUPDWLRQRIWKHFRUHVKHOOVWUXFWXUHRI$J1:DQG1LVKHOOOD\HUHQDEOHVSURWHFWLRQRI
WKHFRUH$J1:VIURPR[LGDWLYHRUFRUURVLYHHQYLURQPHQWV7KLVFRXOGEHFRQILUPHGE\WKH
PHDVXUHPHQWRIVKHHWUHVLVWDQFHRIWKHVDPSOHVDQG[UD\SKRWRHOHFWURQVSHFWURVFRS\;36
DQDO\VLVEHIRUHDQGDIWHUH[SRVXUHWRWKHFKHPLFDOO\KDUVKHQYLURQPHQW6HH)LJXUHDQG
IRUWKHHOHFWULFDOPHDVXUHPHQWDQG)LJXUHDQGIRUWKH;36DQDO\VLV7RHYDOXDWHWKH
FRUURVLRQUHVLVWDQFHRIWKH1LFRDWHG$J1:QHWZRUNVLQWKHDLUWKHFKDQJHRIHOHFWULFDO
UHVLVWDQFHZDVPHDVXUHGXQGHUDFFHOHUDWHGWHVW&DQGRIUHODWLYHKXPLGLW\5+
)LJXUHSDQHOVDDQGEVKRZWKHFKDQJHVRIWKHVKHHWUHVLVWDQFHRIWKHSULVWLQH$J1:
QHWZRUNILOPDQG1LFRDWHG$J1:QHWZRUNILOPGXULQJWKH&5+DFFHOHUDWHGWHVW
$IWHUKRXUVRI&5+DFFHOHUDWHGWHVWWKHVKHHWUHVLVWDQFHRIWKHSULVWLQH$J1:
QHWZRUNILOPUDSLGO\LQFUHDVHGWRWLPHV5V ȍ/sqWR5V ȍVT2QWKHRWKHU
KDQGWKHVKHHWUHVLVWDQFHVRIWKHVDPSOHV$%&DQG'ZHUHVOLJKWO\FKDQJHGWR
DQGWLPHVUHVSHFWLYHO\)XUWKHUPRUHZHFRQGXFWHGWKH&5+DFFHOHUDWHG
WHVWIRUPXFKORQJHUSHULRGV7KHVKHHWUHVLVWDQFHRIWKHSULVWLQH$J1:QHWZRUNILOPZDV
LQFUHDVHGWRWLPHVDIWHUGD\ZKLFKFRQWLQXHGWRJURZXSWRWLPHVZLWKLQGD\V
+RZHYHULWVWDUWHGWRJURZUDSLGO\DIWHUGD\VVKRZLQJDGUDPDWLFUDLVHXSWRWLPHV
DQGWLPHVDIWHUDQGGD\VUHVSHFWLYHO\2QWKHFRQWUDU\WKHVKHHWUHVLVWDQFHVRI
VDPSOHV$%&DQG'ZHUHRQO\VOLJKWO\LQFUHDVHGWRDQGWLPHV
UHVSHFWLYHO\DIWHUGD\VRI&5+DFFHOHUDWHGWHVW
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7KHVXUIDFHPRUSKRORJLHVRIWKHSULVWLQHDQG1LFRDWHG$J1:QHWZRUNILOPVDIWHU&
5+DFFHOHUDWHGWHVWZHUHREVHUYHGE\VFDQQLQJHOHFWURQPLFURVFRS\6(0DQDO\VLV)RU
DOOWKHVDPSOHVWKHUHDUHQRVLJQLILFDQWFKDQJHVRQWKHPRUSKRORJ\RIWKH$J1:QHWZRUN
ILOPV&RPSDUH)LJXUHSDQHOVDHZLWK)LJXUHSDQHOVFJ+RZHYHUWKH;36UHVXOWVYHULI\
WKHFKDQJHRIPDWHULDOFRPSRVLWLRQYLDFKHPLFDOUHDFWLRQ,Q)LJXUHWKH;36VSHFWUDRIWKH
SULVWLQH$J1:QHWZRUNILOP)LJXUHSDQHOVDFDQGVDPSOH&)LJXUHSDQHOVGJEHIRUH
DQGDIWHUWKH&5+DFFHOHUDWHGWHVWDUHVKRZQ7KHSHDNSRVLWLRQVRIWKH$JG
DQG$JGVKLIWHGIURPH9WRH9DQGIURPWRH9UHVSHFWLYHO\
DIWHU&5+DFFHOHUDWHGWHVWIRUWKHSULVWLQH$J1:QHWZRUNILOP)LJXUHD+HUH
WKHLQFUHDVHRIELQGLQJHQHUJ\PDLQO\VWHPVIURPWKHVXOIXUL]DWLRQRI$J>@,QDGGLWLRQWKH
VXOIXU6SSHDNVZHUHREVHUYHGDIWHU&5+DFFHOHUDWHGWHVW)LJXUHE7KH
VXOIXUL]DWLRQRI$J1:LVFDXVHGE\VXOIXUFRQWDLQLQJJDVHVVXFKDVFDUERQ\OVXOILGH2&6
VXOIXUGLR[LGH62DQGFDUERQGLVXOILGH&6ZKLFKLVHQKDQFHGDWKLJKHUUHODWLYH
KXPLGLW\>@7KH2VSHDNIRUSULVWLQH$J1:DWH9ZDVREVHUYHGZKLFKVKRZV
VLPLODUYDOXHZLWKWKRVHRI3'06LQWKHOLWHUDWXUH>@7KLVEURDG2VSHDNLVDWWULEXWHGE\
LQWHUDFWLRQEHWZHHQR[\JHQLQWKHFDUER[\OJURXSRIWKH393FKDLQRQVXUIDFHRIWKH$J
1:V>@)LJXUHF,QFRQWUDVWWKHFKDQJHVRI$JGSHDNSRVLWLRQVH9å
H9IRU$JGDQGåH9IRU$JGIRUWKHVDPSOH&DUHVPDOOHUWKDQWKRVH
IRUWKHSULVWLQH$J1:QHWZRUNILOPZKLFKFRQILUPVEHWWHUUHVLVWDQFHDJDLQVWVXOIXUL]DWLRQ
E\WKH1LOD\HUHOHFWURSODWHGRQWKH$J1:V0RUHRYHUWKHVDPSOH&VKRZVOLWWOHFKDQJHVRI
1LSHDNV)LJXUHJDIWHUWKH&5+DFFHOHUDWHGWHVW$FFRUGLQJWRRXU;36VSHFWUD
PHDVXUHPHQWVWKH$J1:QHWZRUNILOPFRDWHGZLWKWKH1LOD\HULVOHVVVXOIXUL]HGWKDQWKH
SULVWLQH$J1:QHWZRUNDIWHUWKH&5+DFFHOHUDWHGWHVW)RUWKH$J1:QHWZRUN
ILOPFRDWHGZLWKWKH1LOD\HUIRUVKRUWSHULRGVVHFRQGV1:VDUHRQO\SDUWLDOO\FRYHUHG
ZLWK1LOD\HUDQGFRQVLGHUDEOHSRUWLRQRI$J1:VDUHH[SRVHGWRWKHHQYLURQPHQW,QWKLV
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FDVHWKHDQWLVXOIXUL]DWLRQHIIHFWRIWKH1LOD\HUFRXOGEHH[SODLQHGE\UHDFWLYHVHULHVRI
PHWDOV>@DQGJDOYDQLFFRUURVLRQ>@'XULQJWKHH[SRVXUHWKHFRDWHG1LILOPDQG$J1:VDFW
DVFDWKRGHDQGDQRGHLQWKHJDOYDQLFFHOOUHVSHFWLYHO\VLQFHWKHVWDQGDUGHOHFWURPRWLYHIRUFH
RI1L9VFH 9LVPXFKORZHUWKDQWKDWRI$J9VFH 9:KHQERWKPDWHULDOVDUH
H[SRVHGWRFRUURVLYHHQYLURQPHQWWKHFDWKRGLFSURWHFWLRQOD\HU1LGRQDWHVHOHFWURQVWR$J
1:VVRWKDWLWSUHYHQWVWKHFRUURVLRQRI$J1:V2QWKHRWKHUKDQGDIWHUHOHFWURGHSRVLWLRQ
IRUORQJHUSHULRGVVHFRQGVVDPSOH&DQG'$J1:VDUHIXOO\FRYHUHGZLWKD1L
VKHOOOD\HU,QWKLVFDVHWKH1LVKHOOIRUELGV$J1:VIURPDGLUHFWFRQWDFWWRVXOIXU7KHUHIRUH
LQWKLVFDVHSK\VLFDOEDUULHUDJDLQVWWKHVXOIXUL]DWLRQUHDFWLRQDQGGLIIXVLRQE\WKH1LOD\HUDV
ZHOODVLWVHOHFWURQGRQDWLRQSURKLELWWKHVXOIXUL]DWLRQRIWKH$J1:QHWZRUNILOPDQGSUHYHQW
WKHGHFUHDVHRIHOHFWULFDOFRQGXFWDQFH
7KHFKHPLFDOVWDELOLW\RIWKH1LFRDWHG$J1:QHWZRUNILOPDJDLQVWVXOIXUL]DWLRQDQG
R[LGDWLRQZDVFKDUDFWHUL]HGE\PHDVXULQJWKHHOHFWULFDOUHVLVWDQFHRIWKHVDPSOHVGXULQJ1D6
VROXWLRQH[SRVXUHLHZWRI1D6LQ',ZDWHU)LJXUHDSUHVHQWVWKHFKDQJHVRIWKH
VKHHWUHVLVWDQFHIRUWKHSULVWLQHDQG1LFRDWHG$J1:QHWZRUNILOPVDIWHUWKHLPPHUVLRQLQ
1D6VROXWLRQ7KHVKHHWUHVLVWDQFHRIWKHSULVWLQH$J1:QHWZRUNILOPLVGUDVWLFDOO\
LQFUHDVHGE\WLPHVȍVTåȍVTRQO\DIWHUVHFRQGV7KHVDPSOH$
DQG%DOVRH[KLELWDUDSLGFRUURVLRQE\1D6VROXWLRQZLWKDGUDPDWLFLQFUHDVHRIWKHHOHFWULFDO
UHVLVWDQFH+RZHYHUWKHVDPSOH&DQG'SUHVHQWDWUHPHQGRXVHQKDQFHPHQWRIFKHPLFDO
UHVLVWDQFHDJDLQVWFRUURVLRQZKLFKLVYHULILHGE\PXFKVPDOOHUFKDQJHVRIHOHFWULFDO
UHVLVWDQFHVi.e. DQGWLPHVLQFUHDVHRIWKHVKHHWUHVLVWDQFHIRUWKHVDPSOHV&DQG'
DIWHUVHFRQGVLQWKH1D6VROXWLRQ$VVKRZQLQ)LJXUHEWKHSULVWLQH$J1:VDUH
EURNHQLQWRVPDOOSLHFHVGXHWRWKHFRUURVLRQ7KLQ1LOD\HUVRQWKH$J1:VFRXOGQRWSURWHFW
WKHPIURPVXOIXUL]DWLRQDQGR[LGDWLRQUHDFWLRQDVVKRZQLQ)LJXUHSDQHOVFGIRUWKHVDPSOHV
$DQG%+RZHYHUWKHVDPSOHV&DQG'H[KLELWWKHSUHVHUYDWLRQRIVWUXFWXUDOLQWHJULW\
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
6XEPLWWHGWR 
 
ZLWKRXWDQ\IUDFWXUHRUGDPDJHRQWKHVXUIDFH)LJXUHHI$IWHUWKHVXOIXUL]DWLRQUHDFWLRQD
IHZFXELFFU\VWDOOLWHVRI$J6DUHREVHUYHGRQWKH$J1:QHWZRUNILOP)LJXUHI7KH;36
UHVXOWVIRUWKHSULVWLQH$J1:QHWZRUNILOPEHIRUHDQGDIWHUWKHUHDFWLRQZLWKWKH1D6
VROXWLRQDUHVKRZQLQ)LJXUHDF:KHQ$J1:UHDFWHGZLWK1D6VROXWLRQZLGHUVSHFWUXP
RI$JG2VZLWKVHYHUDOVPDOOSHDNVDQG6SSHDNVZHUHREVHUYHG)LJXUHDF+HUHWKH
ZLGH$JGVSHFWUXPFDQEHGHFRQYROXWHGLQWRWKHVL[SHDNV(% H9H9DQG
H9IRU$JGDQG(% H9H9DQGH9IRU$JGDVVKRZQLQ
)LJXUHD(% H9$JGDQG(% H9$JGRIVDPSOH&DUHKLJKHUWKDQ
WKRVHRIWKHSULVWLQH$J1:H9DQGH9IRU$JGDQG$JG
UHVSHFWLYHO\GXHWRWKHVXOIXUL]DWLRQRI$J1:E\+6H[LVWLQJLQWKH1D6VROXWLRQ>@7KH
ORZHUELQGLQJHQHUJLHV(% H9DQGH9$JGDQG(% H9DQG
H9$JGLQGLFDWHWKHIRUPDWLRQRI$J2E\WKHDEVRUSWLRQDQGUHDFWLRQZLWKR[\JHQ
VSHFLHVVXFKDV2+LRQ>@DQG2>@ZLWKLQWKH1D6VROXWLRQ7KHR[LGDWLRQRI$JFDQDOVR
EHFRQILUPHGE\WKHGHFRQYROXWHGORZHUSHDNVDWH9DQGH9IRU2V)LJXUH
F>@,QFRQWUDVWWKHVDPSOH&SUHVHQWVPXFKVPDOOHUFKDQJHRIWKHSHDNSRVLWLRQVRI$J
GGXHWRPXFKOHVVIRUPDWLRQRI$J6LQWKHVDPSOH&WKDQLQWKHSULVWLQH$J1:)LJXUH
G7KHSHDNSRVLWLRQRI1LSLVVOLJKWO\VKLIWHGGXHWRVPDOOVXOIXUL]DWLRQRI1LVKHOO
+LJKHUVDWHOOLWHSHDNVDWH9IRU1LSDQGH9IRU1LSDUHFDXVHGE\WKH
R[LGDWLRQRI1L>@ZLWKR[\JHQVSHFLHVLQWKH1D6VROXWLRQ,QVXPPDU\ZHFDQFRQILUPWKDW
$J1:QHWZRUNILOPLVSURWHFWHGIURPWKHVHYHUHVXOIXUL]DWLRQDQGR[LGDWLRQE\WKH1LVKHOO
OD\HULQVSLWHRILWVPLQRUFRUURVLRQ
7KHDQWLFRUURVLRQPHFKDQLVPRI$J1:VE\WKHWKLFN1LVKHOOOD\HUVDPSOHV&DQG'
FDQEHH[SODLQHGE\WKHJDOYDQLFFRUURVLRQDQGWKHUPRG\QDPLFHIIHFW7KHHOHFWURGHSRWHQWLDO
GLIIHUHQFHRI1LDQG$JLQGXFHVFDWKRGLFSURWHFWLRQRI$J1:VE\WKH1LVKHOOOD\HU
UHVXOWLQJLQWKHGHOD\RIJDOYDQLFFRUURVLRQVXFKDVR[LGDWLRQDQGVXOIXUL]DWLRQRI$J1:V,Q
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DGGLWLRQWKH1LVKHOOOD\HUFDQUHGXFHWKHVXOIXUL]DWLRQRIWKHFRUH$J1:VWUXFWXUHGXHWR
WKHUHVLVWDQFHRI1LDJDLQVWWKHVXOIXUL]DWLRQUHDFWLRQ7KH*LEEVIUHHHQHUJ\つ*IRUWKH
IRUPDWLRQRIQLFNHOVXOILGH1L6LQ1D6DTXHRXVVROXWLRQDWURRPWHPSHUDWXUHLV
N-PROZKLFKLVVPDOOHUWKDQWKDWYDOXHRIVLOYHUVXOILGH$J6N-PRO>@7KHUHIRUH
WKHVXOIXUL]DWLRQRI1LVKHOOOD\HULVPXFKVORZHUWKDQWKDWRIWKHFRUH$J1:V$VDUHVXOW
$J1:VFDQEHSURWHFWHGIURPWKHUDSLGVXOIXUL]DWLRQYLDWKHEDUULHUHIIHFWRIWKH1LVKHOO
OD\HU
:HIXUWKHULOOXVWUDWHWKHVXOIXUL]DWLRQDQGR[LGDWLRQHIIHFWVRIWKHSULVWLQH$J1:
QHWZRUNILOPDQGVDPSOH&E\FRQVWUXFWLQJDVLPSOH/('FLUFXLW)LJXUHD+HUHWKH
SULVWLQHDQG1LFRDWHG$J1:QHWZRUNILOPVZHUHXVHGDVDFRQGXFWRUVHULDOO\FRQQHFWHGWR
WKH/('ODPS$VGHSLFWHGLQ)LJXUHEGWKH/('ZDVWXUQHGRIIVLQFHWKHHOHFWULFDO
FRQGXFWDQFHRIWKHSULVWLQH$J1:QHWZRUNILOPZDVHOHFWULFDOO\QRQFRQGXFWLYHDIWHU&
5+DFFHOHUDWHGWHVWDQG1D6OLTXLGSKDVHFRUURVLRQWHVW2QWKHRWKHUKDQGWKH
LOOXPLQDWLRQLQWHQVLW\RI/('ODPSZDVQRWVLJQLILFDQWO\GHJUDGHGIRUVDPSOH&DIWHU&
5+DFFHOHUDWHGWHVWDQG1D6OLTXLGSKDVHFRUURVLRQWHVW)LJXUHHJ7KLVUHVXOW
FRQILUPVWKDW1LFRDWLQJRQWKH$J1:QHWZRUNPDLQWDLQVWKHIXQFWLRQDOLW\RIWKH
LQWHUFRQQHFWLRQLQWKHFLUFXLW

&RQFOXVLRQV
,QVXPPDU\ZHKDYHGHYHORSHGDQRYHOPHWKRGWRLPSURYHWKHFKHPLFDOVWDELOLW\RI
WKH$J1:QHWZRUNILOPEDVHGWUDQVSDUHQWFRQGXFWLYHHOHFWURGHVLPSO\E\ORFDO
HOHFWURGHSRVLWLRQRI1LOD\HUDORQJWKH$J1:V:HREVHUYHGHQKDQFHPHQWRIWKHHOHFWULFDO
FRQGXFWLYLW\DIWHUHOHFWURGHSRVLWLRQRI1LOD\HURQWKH$J1:QHWZRUNILOPE\WKHZHOGLQJ
HIIHFW)XUWKHUPRUH1LFRDWHG$J1:QHWZRUNILOPVH[KLELWDQH[FHOOHQWFKHPLFDOUHVLVWDQFH
DJDLQVWWKHR[LGDWLRQDVZHOODVWKHVXOIXUL]DWLRQUHDFWLRQFRPSDUHGZLWKYHU\ODUJHUHVLVWDQFH
GHYLDWLRQRIWKHSULVWLQH$J1:QHWZRUNH[SRVHGWRWKHKDUVKHQYLURQPHQW&DWKRGLF
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SURWHFWLRQDQGFKHPLFDOUHVLVWDQFHRI1LVKHOOOD\HUSUHYHQWWKHR[LGDWLRQDQGVXOIXUL]DWLRQRI
WKHFRUH$J1:V7KHUHIRUHWKLVPHWKRGFDQPDLQWDLQWKHSHUIRUPDQFHRIGHYLFHVZLWKRXW
GHJUDGDWLRQ:HEHOLHYHWKDWRXUSURSRVHGPHWKRGFDQEHDSSOLFDEOHWRWKHFKHPLFDO
SURWHFWLRQRIDYDULHW\RIFRQGXFWLYHQDQRPDWHULDOEDVHGHOHFWURGHV(VSHFLDOO\WKLVPHWKRG
ZLOOEHH[WUHPHO\XVHIXOIRUWKHDSSOLFDWLRQVLQZKLFKFRQGXFWLYHQDQRPDWHULDOHOHFWURGHVDUH
GLUHFWO\H[SRVHGWRWKHKDUVKHQYLURQPHQWRULPPHUVHGLQFKHPLFDOO\UHDFWLYHOLTXLGV
0RUHRYHUWKHDSSOLFDWLRQVFDQEHIXUWKHUH[WHQGHGWRWR[LFFKHPLFDOVHQVLQJLQKDUVK
HQYLURQPHQW

([SHULPHQWDO6HFWLRQ
$J1:VZHUHV\QWKHVL]HGE\WKHSRO\ROPHWKRGDFFRUGLQJWRWKHOLWHUDWXUH)LUVW
JRISRO\YLQ\OS\UUROLGRQH393LQPORIJO\FHUROZDVKHDWHGDW&7KHQ
JRI1D&OPORI',ZDWHUDQGJRI$J12ZHUHSRXUHGLQWRWKHSUHKHDWHGPL[WXUH
7KHVROXWLRQZDVKHDWHGXSWR&ZLWKLQPLQZLWKJHQWOHVWLUULQJ)LQDOO\WKHVROXWLRQ
ZDVILOWHUHGE\YDFXXPILOWUDWLRQPHWKRGDQG$J1:VZHUHVWRUHGLQGLOXWHGPHWKDQROIRU
IXUWKHUH[SHULPHQWV
1LOD\HUZDVHOHFWURGHSRVLWHGRQWKHH[SRVHGVXUIDFHRIWKH$J1:QHWZRUNILOP
+HUHD1LHOHFWURGHSRVLWLRQZDWWEDWKFRQVLVWLQJRI0QLFNHOVXOIDWHKH[DK\GUDWH
1L62ā+20QLFNHOFKORULGHKH[DK\GUDWH1L&Oā+2DQG0ERULFDFLG+%2
LQ',ZDWHUZDVXVHG$WKUHHHOHFWURGHFHOOFRQILJXUDWLRQLQFOXGLQJ$J1:QHWZRUNILOP
EXULHGRQWKH3'06ILOPDVDZRUNLQJHOHFWURGHSODWLQXP3WFRDWHGWLWDQLXP7LSODWHDV
DQLQVROXEOHFRXQWHUHOHFWURGHDQG$J$J&OVDWXUDWHG.&OHOHFWURGHDVDUHIHUHQFH
HOHFWURGHZDVXVHGDWDURRPWHPSHUDWXUHFRQGLWLRQZLWKDVWLUULQJUDWHRIUSP7KH$J
1:QHWZRUNILOPEXULHGRQWKHVXUIDFHRI3'06ZDVHOHFWULFDOO\FRQQHFWHGZLWKDOXPLQXP
SODWHE\SDLQWLQJWKHVLOYHUSDVWHDWWKHHGJHRI$J1:QHWZRUNILOPDQGSDVVLYDWHGE\
SDLQWLQJDFRPPHUFLDOPDQLFXUHH[FHSWWKHZRUNLQJDUHDH[SRVHGDUHD [PPIRU
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HOHFWURGHSRVLWLRQ$FRQVWDQWSRWHQWLDORI9ZDVDSSOLHGIRUYDULRXVHOHFWURGHSRVLWLRQ
SHULRGVVHFRQGVE\XVLQJDSRWHQWLRVWDWJDOYDQRVWDW'&+,QVWUXPHQWV,QF
 7KHVXUIDFHPRUSKRORJLHVRIWKHVDPSOHVZHUHLQYHVWLJDWHGE\XVLQJDVFDQQLQJ
HOHFWURQPLFURVFRSH6(06LULRQ)(6(0)(,DQGFRPSRVLWLRQRIWKHVDPSOHVZHUH
GHWHUPLQHGE\HQHUJ\GLVSHUVLYHVSHFWURVFRS\('6$OVRWKHFKHPLFDOFRPSRVLWLRQVDQG
FU\VWDOORJUDSKLFVWUXFWXUHVRIWKH$J1:QHWZRUNDQG1LFRDWHG$J1:QHWZRUNZHUH
VWXGLHGE\;366LJPD3UREH7KHUPR9*6FLHQWLILF,QFDQG;UD\GLIIUDFWLRQ5LJDNX
'PD[using a Cu KĮ radiation (Ȝ=1.5405 Å) at 40N9DQGP$

 
$FNQRZOHGJHPHQWV
7KLVUHVHDUFKZDVVXSSRUWHGE\WKHJUDQWVIURPWKH%DVLF6FLHQFH5HVHDUFK3URJUDP
DQG*OREDO)URQWLHU5	'3URJUDPIXQGHGE\WKH1DWLRQDO
5HVHDUFK)RXQGDWLRQ15)DQGIURP.,00.RUHD,QVWLWXWHRI0DFKLQHU\	0DWHULDOV
5HVHDUFK6&XQGHUWKH0LQLVWU\RI6FLHQFH,&7DQG)XWXUH3ODQQLQJRI.RUHD7KLV
ZRUNZDVDOVRILQDQFLDOO\VXSSRUWHGE\WKH*UDSKHQH0DWHULDOVDQG&RPSRQHQWV
'HYHORSPHQW3URJUDPRI027,(.(,7


>@ +6FKPLGW+)OXJJH7:LQNOHU7%XORZ75LHGO:.RZDOVN\$SSO3K\V/HWW
94
>@ -3%0DUN-3HOOHULWH0DULH$%RXORV3DWULFN0&DPSEHOO$-+(LOHHQ0
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6XEPLWWHGWR 
 

)LJXUH&RUURVLRQHIIHFWRIWKH$J1:QHWZRUNEDVHGLQWHUFRQGXFWRULQWKHHOHFWULFDO
FLUFXLWD3KRWRJUDSKRIWKHHOHFWULFDOFLUFXLW/('LVFRQQHFWHGWRWKHSRZHUVRXUFHYLD$J
1:QHWZRUNEDVHGFRQGXFWRU,OOXPLQDWLRQRI/('FRQQHFWHGYLDDSULVWLQH$J1:QHWZRUN
ILOPEHIRUHEDIWHU&5+DFFHOHUDWHGWHVWFDQGDIWHU1D6OLTXLGSKDVH
FRUURVLRQWHVWG3KRWRJUDSKRI/('ODPSXVLQJVDPSOH&DVDFRQQHFWRUEHIRUHHDIWHU
&5+DFFHOHUDWHGWHVWIDQGDIWHU1D6OLTXLGSKDVHFRUURVLRQWHVWJ
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+(RPHWDO 1L FRDWHG$J1:IRUDQWLFRUURVLYHHOHFWURGH
7KHWDEOHRIFRQWHQWVHQWU\
7KH IRUPDWLRQ RI $J#1L FRUHVKHOO QDQRZLUH QHWZRUN ILOP E\ SDUWLDO HPEHGGLQJ RI $J
QDQRZLUHV DQG ORFDO HOHFWURGHSRVLWLRQRI1L VKHOO OD\HU HQKDQFHV WKHFKHPLFDO UHVLVWDQFHRI
WKH$JQDQRZLUHQHWZRUNILOPEDVHGWUDQVSDUHQWHOHFWURGHDJDLQVWR[LGDWLRQDQGVXOIXUL]DWLRQ
7KHPHFKDQLVPFDQEHH[SODLQHGE\SK\VLFDOEDUULHUDJDLQVWFKHPLFDOUHDFWLRQDQGGLIIXVLRQ
DVZHOODV WKHSUHYHQWLRQRIJDOYDQLFFRUURVLRQYLDHOHFWURQGRQDWLRQ7KLVPHWKRGSURYLGHV
YHU\VLPSOHDQGIDFLOHURXWHWRWKHSURWHFWLRQRIWUDQVSDUHQWFRQGXFWLYHHOHFWURGHPDWHULDOV
72&.H\ZRUG
7UDQVSDUHQWHOHFWURGHVLOYHUQDQRZLUHHOHFWURGHSRVLWLRQDQWLR[LGDWLRQDQWLVXOIXUL]DWLRQ
DQGFRUHVKHOOQDQRVWUXFWXUH
+(RP-/HH$3LFKLWSDMRQJNLW0$PMDGL-+-HRQJ(/HH-</HHDQG,3DUN
(OHFWURGHSRVLWHG1LVKHOOIRUWKHHQKDQFHGFKHPLFDOVWDELOLW\RIVLOYHUQDQRZLUHQHWZRUN
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